molecules or their decomposition into simpler molecules. The second stage of growth consists of the reactions, deposition and diffusion which occur on the surface of the growing material. The final stage is structural changes induced in the grown material as more material is added. For example, dislocations may be generated during the growth of an overlayer due to long-range strain fields. In addition to these processes, of crucial importance to growth of high quality epitaxial films is the order and cleanliness of the initial substrate surface, in our case GaAs (001).
This paper discusses our in situ experiments examining the growth of ZnSe on GaAs(001) surfaces. We provide a brief introduction to the GIXS technique with particular reference to constraints imposed by storage ring parameters and growth requirements. X-ray diffraction studies of the cleaning of GaAs surfaces and an analysis of their subsequent reconstruction are then presented. Finally, we describe x-ray scattering studies of growing ZnSe epitaxial films reporting 1) a crystallographic study of the growing surface, 2) observation of changes in rod scans (cf. "streaky" RHEED patterns) with changing growth conditions and 3) x-ray refiectivity studies of growth transients.
-EXPERIMENTAL TECHNIQUE
Shortly after the first application of the grazing incidence x-ray scattering (GIXS) geometry to the study of surface structuresJ2/ it was used to study phase transitions and growth of monolayers on surfaces./3/ 141 Since then, GIXS has become a widely used surface structural technique and the details of its application have been extensively explored./5/ /6/ However, there are a number of unique problems associated with in situ x-ray scattering during growth. Because x-ray scattering samples a relatively large spatial area, high growth uniformity must be achieved. Since the experiment is not permanently stationed on a synchrotron beamline, the entire growth system must be portable. Due to the high radiation levels, all routine growth processes must be remotely controlled. Finally, the most troublesome problem is providing a large apermre window which allows the full range of structures to be studied yet is protected from CVD deposition. Figure 1 shows a diagram of the special OMVPE reactor used for our experiments. This reactor uses the z-axis configuration where the x-rays impinge on the sample at a small grazing angle (a) and are observed at a second grazing angle (P) and an in-plane scattering angle 28./7/ While this experimental approach allows for simple, precise scans using the GIXS geometry, the control of convective flows is the principle reason for adopting the z-axis configuration for these experiments. During scans in the standard four-circle geometry, the orientation of the surface is changed with respect to gravity. The resulting changes in convective flow patterns in the reactor would cause non-uniform growth, yield different growth modes, and make quantitative analysis difficult. Since the detector has an additional degree of freedom in the z-axis geometry, the orientation of the sample can be constrained to small motions and these convective problems avoided.
The necessity to achieve high growth uniformity also affects the choice of the synchrotron radiation source. Because the vertical divergence of synchrotron radiation is normally 30-50 times smaller than the horizontal divergence, typical x-ray scattering experiments with synchrotron radiation use a vertical scattering plane to optirnize instrumental resolution. Use of a vertical scattering plane also avoids polarization corrections because the x-rays are primarily horizontally polarized. However, if a vertical scattering plane and, consequentially, a vertical sample surface were used, uniform growth would be difficult to achieve due to convection. Thus, a horizontal substrate surface and scattering plane are highly desirable but result in a significantly lower count rate on standard synchrotron sources. Fortunately, undulator radiation from high energy storage rings such as PEP at the Stanford Synchrotron Radiation Laboratory (SSRL) has naturally small horizontal and vertical divergences/8/ and can be efficiently used with a horizontal scattering plane.
We have used focused, 9.5 KeV x-rays from the 5B undulatoron PEP for the measurements presented here. A flux of 2.5x101° photonslsecond was obtained through a 0.1 -1.5 mm entrance slit. (The incident spot size was 1.7 mm horizontally by 0.8 mm vertically, FWHM.) This beam is exceptionally well collimated having a divergence of 100 padians horizontally and 86 pradians vertically. The scattered x-rays were collimated with a 6 mrad Sollar slit in the plane of the surface and with a 10 mrad slit perpendicular to the sample surface.
The OMVPE reactor shown in Figure 1 incorporates a number of unique features. It's basic construction is a 100 mm stainless steel tube with two beryllium windows. The incident beam enters the reactor through a 37 mm diameter, 0.12 mm thick window. The diffracted beam window consists of 0.5 mm thick beryllium brazed to a monel flange. These windows are configured so that diffracted beams can be observed over an angle of 120' in the plane of the substrate and 40' normal to the substrate. A maximum incident angle a of 8 ' is allowed.
The sample is heated with a boron nitride encapsulated graphite element which is thermally and electrically isolated from the sample alignment mechanism. Using this heater, the sample temperature can be changed Fig. 1 -A cross-sectional drawing of the special OMVPE reactor used for our experiments. The x-rays are incident from the left at a shallow angle (a) and are detected at a second grazing angle (P) and an in-plane scattering angle (28). The reactants, EtzSe and EtzZn in a Hp camer gas, enter through the center port and are focussed by a quartz nozzle onto the heated substrate. A second H2 stream enters through the outer port and flows along the wall to prevent deposition on the thin Be windows. High resolution rotations are coupled into the sample through a differentially pumped, rotary seal. extremely rapidly (~5 0 Wsec) and is controllable to kO.5". The heater assembly and sample are connected to the 8 goniometer by a kinematic tilt and height adjustment stage, a stainless steel pedestal, and through a differentially pumped rotary seal.
INLET NOZZLE SAMPLE HOLDER ROTARY SEAL GONIOMETERS
The reactor is supplied by a gas handling system which can incorporate three organometallic sources. All of the switching valves are interfaced to an external, programmable controller, which can communicate with the central data acquisition computer. This, coupled with dynamic pressure balancing between the ventlrun lines, allows systematic studies of growth intemptions as well as the growth of high quality superlattices.
The system is designed to protect the Be windows from deposition by focusing the reactive gases onto the sample with a quartz nozzle, and by establishing a non-reactive gas flow along the reactor wall. In addition to the non-reactive wall flow, the Be window is protected from deposition and overheating by a thin aluminurn shield.
The GaAs substrates on whkh the ZnSe was grown had resistivities of >10'~-cm and were oriented to within 0.1' of the (001) direction. The ZnSe films were deposited from Et2Zn and Et2Se sources which were transported to the reactor by 99.999% pure Ha. Prior to loading into the reactor, the GaAs substrates were solvent cleaned then etched in a solution of 15:3:I HzO:mOH:H202, and rinsed in deionized water.
-EXPERIMENTAL RESULTS
Three types of experiments were performed using this equipment. First, we examined the cleaning and subsequent reconstruction of GaAs(001) surfacesin different ambients. Second, the structure of a growing ZnSe(001) surface was studied. Finally, the transients in reflectivity and diffracted intensity associated with changing organometallic flow were measured during the growth of ZnSe.
Figure 2 shows x-ray diffraction data along the (110) direction from a GaAs (001) surface prepared by heating the surface to 525'C in 100 Torr of flowing H2 for 10 minutes. This surface has a clear ~( 4 x 2 ) reconstruction when initially prepared but rapidly transforms to a ~( 4 x 1 ) pattern. Scans perpendicular to the surface at fractional order reflections (rod scans) yielded flat profiles suggesting that the reconstruction is two-dimensional, i.e. involves one layer of atoms. Systematic modeling of these data yields the structure shown in Figure 3 . It is important to note that unmodified missing row models are totally inconsistent with our data since they predict equal intensities for the fractional order r&ections.l9/ Figure 4 shows x-ray diffraction data collected after allowing this surface to anneal in flowing H2 at 450'C for several hours. The change in the pattern is dramatic. The (1,l) and (1.75,1.75) peaks have grown quite strong Figure 4 is a real-space configuration which describes the basic features of these data. Instead of the dimerization present in the freshly prepared surface, the top atoms are now slightly spread. We interpret this as being due to the incorporation of impurity atoms, such as oxygen, in the top layer which allow the surface to relax.
For both the clean and annealed GaAs surface reconstructions, there is not complete agreement between the data and intensities calculated from our models. While the data taken along the [l101 directions are very accurately fit, the intensities of the off-axis peaks are not accurately reproduced (see Figure 5) . We believe &ere are two reasons for this. First, the structure of the surface is evolving over a time not much longer than our measurement time (=l hour for a complete data set). Hence, the measured intensities for different reflections may represent different structures. Secondly, coupling between adjacent rows of dimerized atoms is likely to be small, allowing a considerable amount of disorder which would strongly affect the off-axis peaks while leaving the on-axis peaks undisturbed. after annealing for two hours at 250'C. Note the dramatic change in intensities with the previously absent peaks now strong. This change can be explained by a change from dimerized Ga atoms (see Figure 3) to slightly spread Ga atoms (see inset). This change from dirnerization to spreading is probably due to surface contamination (possibly oxygen) terminating the Ga dangling bonds. In addition to preparation in H2, we also aied to prepare this reconstructed surface by heating in N2 produced by liquid nitrogen boiloff. In that case, no reconstruction was observed, even after heating to 585'C for 10 minutes. To establish the importance of H2 in this process, we switched to a flow of H2. Data from that experiment are shown in Figure 6 . Note the (4x1) reconstruction of the surface and the presence of diffuse rings of intensity which indicate the presence of liquid gallium on the surface. Such droplets could be visually observed after removal of the substrate from the reactor. Thus, while heating to 585' in N2 leaves the surface essentially unmodified, heating in H2 at only 52572 leaves a clean, reconstructed surface. No surface reconstruction was observed after heating to 585°C in N2 for 10 minutes. After switching to H2 for 10 minutes, a four-fold reconstruction along with a large diffuse background was found. The diffuse background is apparently due to the presence of liquid gallium droplets, which can be optically seen after this treatment After preparing a GaAs surface using the optimum conditions found from the above analysis (thermal cleaning in H2 at 100 Torr until a sharp (4x2) reconstruction was observed--typically 10 minutes), films of ZnSe were grown using a continuous supply of both Et2Zn and Et2Se in a 2:l ratio at a growth temperature of 500'C. Figure 7 shows diffraction data from this growing ZnSe surface. This and similar data taken along the (i10j direction demonstrate that this surface has a (2x1) reconstruction. Crystallographic analysis of this data reveals a structure (inset of Figure 7 ) which is very similar to that calculated for the (2x1) reconstruction of the Si(001) surface./lO/ Figure 8 shows the evolution of this scattering pattern as growth continues. At short growth times, the peaks are extremely yell fit by a sum of h n t z i a n s which have a width of 0.016A-I corresponding to a correlation length of 380A. As growth continues, the shape of the peaks changes to be much more Gaussian, narrows slightly, and the peak position shifts towards lower Q (longer d-spacing), indicating the introduction of misfit dislocations into the grown film.
Of particular importance to the growth of modem materials such as superlattices is the equilibration of the structure after an abrupt switching of a gas supply. For example, the process of alternate layer epitaxy in an A-B alloy proceeds by first depositing an excess of the type A atom, allowing the formation of a complete layer after subsequent evaporation, then depositing a layer of the type B atom, and allowing the formation of a complete bilayer by its subsequent evaporation. This process is repeated numerous times to build up a thin film. We have performed initial experiments of this type which we refer to as alternate source epitaxy (ASE)/11/ rather than alternate layer epitaxy because we do not necessarily grow complete layers. Figure 9 shows the specular reflectivity cf a growing film during an ASE experiment. These data were taken at a momentum transfer Q = %~s i n ( 8 ) / M . 5~-' , approximately 10 times the critical angle for total reflection. The surface was prepared by heating a GaAs (001) substrate in 100 Torr of H2 at 525'C for 10 minutes. During this Fig. 7 -The x-ray diffraction pattern along the (110) direction from a ZnSe iilm grown on a GaAs (001) substrate. This film was grown using a continuous supply of Et2Se and Et2Zn in a 2:l ratio at a growth temperature of 500°C. The real space picture derived from these data is shown in the inset. The basic distortion is a dimerization of the top Zn atoms. The second layer of selenium a p is @so slightly c@eri*. The top zinc atoms are displaced from their unreconstructedpsitiqns by (0.77A,-0.04Aj and (-0.77A,0.04A) while the second layer selenium atoms are displaced by (0.14A,O.O7A) and (-0.14A,4.07A). Clearly, there are large changes in specular reflectivity associated with these changes in organometallic flows. While the exact origin of these oscillations is not clear, there are two likely explanations. First, in analogy with "RHEED oscillations", the x-ray reflectivity may be a maximum when the top atomic layer is complete and a minimum when it is half filled. The second explanation, which appears to explain the phase of the reflectivity oscillations better, is that during the Et2Se cycle the surface becomes saturated with partially decomposed Et2Se. These p d a l l y decomposed molecules would make the interface more diffuse, reducing the x-ray reflectivity. During the Et2Zn cycle, the partially decomposed EtzSe would react with the Zn atoms to form a smooth, abruptly terminated layer, restoring the x-ray reflectivity. This second explanation is supported by kinetic studies of the growth of ZnSe which indicate that Et2Se does not completely decompose at this growth temperature (450'C) while Et2% doesJ121
The time scale of these oscillations is of particular interest. The inset in Figure 9 shows a blowup of one cycle along with the gas switching time of the reactor. This switching time was measured by monitoring the diffuse scattering from the gas in the reactar while the flow was switched from pure H2 to pure N2 (which is a much stronger x-ray scatterer). Since the gas switching time is much faster than the changes in the specular reflectivity, we are monitoring, in real time, the response of surface structure to changes in the chemical potentials of reactive gases. In the future, systematic studies of these phenomena as a function of temperature, partial pressure, and other growth parameters will allow us to determine surface diffusion coefficients and activation energies for the various growth processes. 
-SUMMARY AND CONCLUSIONS
The combination of an extremely bright synchrotron radiation source, such as an undulator on PEP, and the grazing incidence x-ray scattering technique is a powerful tool for the study of organometallic vapor phase epitaxy and other non-UHV processes. The data presented in this paper have extremely good signal to background (signal rates of 1 6 counts/second and backgrounds of 2 countslsecond) even though we were studying growth at elevated temperatures in an ambient of 100 Torr of hydrogen. This phenomenal signaJJbackground of 5 x 1 0~ is due primarily to the high brightness and extremely small divergence of the undulator source which makes precise control of beam size, shape, and incident angle possible.
The technique we have developed can be used to study a broad range of important and hitherto unexplored problems. Staning with the current ZnSe on GaAs system, a detailed crystallographic study of the structure of the initial and grown surfaces and their relationship can be performed; the details of the growth transients along with the exact mechanism of the specular reflectivity changes can be determined., and the influence of process parameters such as temperature m d pressure on growth modes can be studied. The use of anomalous scattering techniques will allow the unambiguous determination of crystal termination (e.g. is the surface terminated with a selenium plane or an arsenic plane?) as well as a straightforward determination of the relative partial pressures of the reactants. At the same time, x-ray absorption specmscopy can be used to probe chemical reactions in the gas phase. Thus, an almost complete characterization of an OMVPE reaction can be carried out.
The extension of these ideas to other systems and problems is straightforward. For example, the addition of sulfur allows the growth of ZIIS&S(~,), whose lattice parameter can be tuned from slightly larger than GaAs to significantly smaller. In situ measurements of strain in the overlayer and its subsequent release by the formation of misfit dislocations as a function of misfit should provide insight into the statics and kinetics of lattice relaxation and be a good test of current theory.1131 Another important study would be an examination of the early stages of growth of GaAs on silicon where the structural details of the interface apparently control the structural perfection and electronic propemes of the GaAs films.1141
The combination of the brightest x-ray sources and proven x-ray scattering techniques has opened up the possibility to study a range of important problems associated with dynamic, near-atmospheric pressure processes. As these sources become more available, the application of these techniques will lead to a deeper understanding of these complex processes and enhance our ability to control and direct them to our advantage.
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